To assess the contributions of the vestibular system to whole-body motion discrimination in the dark, we measured direction recognition thresholds as a function of frequency for yaw rotation, superior-inferior translation ("z-translation"), interaural translation ("ytranslation"), and roll tilt for 14 normal subjects and for 3 patients following total bilateral vestibular ablation. The patients had significantly higher average threshold measurements than normal (p Ͻ 0.01) for yaw rotation (depending upon frequency, 5.4ϫ to 15.7ϫ greater), z-translation (8.3ϫ to 56.8ϫ greater), y-translation (1.7ϫ to 4.5ϫ greater), and roll tilt (1.3ϫ to 3.0ϫ greater)-establishing the predominant contributions of the vestibular system for these motions in the dark.
Introduction
Human studies reporting whole-body motion discrimination thresholds in the dark (Clark and Stewart, 1968; Doty, 1969; Benson et al., 1989; Mah et al., 1989; Carpenter-Smith et al., 1995; De Vrijer et al., 2008; Grabherr et al., 2008; Zupan and Merfeld, 2008; Barnett-Cowan and Harris, 2009; Fetsch et al., 2009; MacNeilage et al., 2010; Mallery et al., 2010; Clemens et al., 2011; Lewis et al., 2011; Soyka et al., 2011; Roditi and Crane, 2012) often assume that the vestibular system is the predominant contributor to motion perception, but the available literature does not uniformly support this conclusion. For example, Walsh (1961) reported translation thresholds that were about 10 times greater than normal in deaf students without evidence of an angular vestibulo-ocular reflex (VOR), but Gianna et al. (1996) reported just a slight increase in the translation thresholds of vestibular defective subjects.
While other studies show that patients with various peripheral vestibular disorders generally demonstrate higher than normal nystagmic (Montandon and Russbach, 1956 ) and perceptual (Mann, 1951; Montandon and Russbach, 1956; Roggeveen and Nijhoff, 1956 ) thresholds in response to passive self-motion in the dark, no previous study has conclusively demonstrated that the vestibular periphery is the predominant sensory contributor to human motion perception under these conditions. Nor has any such patient study comprehensively assayed both canal and otolith thresholds-let alone performed a comprehensive evaluation as a function of frequency.
To establish the vestibular contributions to perceptual motion thresholds, we tested three patients who had total surgical ablation of both inner ears and measured direction recognition thresholds in these patients. We did so because only the total absence of vestibular signals allows us to determine the maximal extent to which all other sensory cues (e.g., auditory, touch/pressure, somatic graviception) can substitute for absent vestibular function. To provide a broad assessment of vestibular function, we measured direction recognition thresholds for four different motions: (1) yaw rotation; (2) earth-vertical superior-inferior ("z-axis") translation; (3) earth-horizontal interaural ("y-axis") translation; and (4) roll tilt. Furthermore, since vestibular responses (Fernandez and Goldberg, 1971, 1976; Peterka et al., 1990; Merfeld et al., 2005) , including thresholds (Benson et al., 1986 (Benson et al., , 1989 Grabherr et al., 2008; Soyka et al., 2011) , vary with frequency, we measured thresholds as a function of frequency.
Materials and Methods
As for earlier human studies (Benson et al., 1986) , we used a direction recognition task in which subjects report the direction of motion. Most general methods mimic those we have published (Grabherr et al., 2008) . The study was approved by the local ethics committee and was performed in accordance with the ethical standards of the 1964 Declaration of Helsinki.
All subjects filled out a general health questionnaire. Normal subjects were also prescreened via clinical diagnostic testing to confirm the absence of undiagnosed vestibular disorders. Screening consisted of caloric testing, electronystagmography, Hallpike testing, angular VOR evoked via rotation, and posturography. Fourteen healthy normal volunteers (9 females -5 males) participated. The mean age was 36 ( ϭ 10).
To ensure that the vestibular-deficient patients had no residual vestibular function, we studied three patients who had undergone bilateral surgical ablation of both inner ears for bilateral vestibular schwannomas associated with neurofibromatosis type 2. We only included patients whose nerve sections were accomplished via a translabyrinthine nerve section or a transcochlear nerve section with a labyrinthectomy, because these are the only methods that ensure complete vestibular deafferentation. All three patients were deaf and used an auditory brainstem implant during testing.
Patient A was a 24-year old female who competed in triathlons and marathons. She first had right-sided labyrinthectomy at age 9, followed by left-sided labyrinthectomy at age 19. Patient B was a 26-year old male who underwent right-and left-sided labyrinthectomies at ages 5 and 20, respectively. Although he walks with a limp, he is able to ride a bicycle. Patient C was a 53-year old female with a history of two right ear vestibular schwannoma removals. The first surgery was performed at age 29 using a suboccipital approach. Due to a regrowth, she needed a second removal at age 38, this time using a translabyrinthine approach. Leftsided labyrinthectomy was performed when the patient was 47. Additional clinical information is provided in Table 1 .
Standard neurological exams showed no signs of myelopathy and no substantive sensory abnormalities other than auditory and vestibular deficits. Pressure sensation on the trunk and buttocks was tested in several locations in patients A and B using Semmes-Weinstein monofilaments (Tracey et al., 2012) . Although patient A had 13 spinal tumors and patient B had only several small spinal tumors, we found that their pressure thresholds on the trunk were comparable and were also comparable to those from a normal control subject. These findings suggest that the presence or absence of spinal tumors most likely did not influence peripheral sensation.
Subjects were (1) rotated in yaw, (2) translated along an earthvertical superior-inferior axis (z-translation), (3) translated along an earth-horizontal interaural axis ( y-translation), or (4) tilted in roll about an earth-horizontal, head-centered, naso-occipital axis. Subjects always began, and except for roll tilt remained, upright with respect to gravity. Motion stimuli were generated using a MOOG 6DOF motion platform. Single cycles of sinusoidal acceleration were applied. The peak acceleration ( A), peak velocity ( p ) and total lateral displacement (⌬p) are proportional to one another ( p ϭ A/(f ) ϭ 2f⌬p). These motion profiles were chosen because they mimic natural volitional head movements.
A brief low pitch "warning" tone was administered before the onset of each motion stimulus. At the end of each trial, a brief high pitch sound indicated that the subject needed to respond. Each subject was instructed to push the button in their left hand if they perceived a leftward (downward) motion or to push the button in their right hand for rightward (upward) motion. When subjects were uncertain of the motion direction, they were instructed to make their best guess.
Subjects were seated in a chair with a five-point harness in an upright position. The subject's head was held in an adjustable helmet that was carefully centered relative to the axes of rotation within ϳ1 cm (Grabherr et al., 2008) . To eliminate the influence of visual cues, trials were performed in the dark in a light-tight room. To minimize the influence of other sensory systems, all skin surfaces except the face were covered (long sleeves, light gloves); a clear visor was attached to the helmet surrounding the face. For normal hearing subjects, noise-cancelling earplugs reduced external noise by more than 20 dB, and remaining auditory motion cues were masked by white noise (circa 60 dB). Tactile cues were distributed as evenly as possible using padding.
Each frequency was tested in a block of trials before switching to another frequency. All four conditions were tested at 0.5, 1, 2, and 5 Hz. For yaw rotation, results are also reported for 0.2 Hz. For y-translations and z-translations, results are also reported for 0.3 Hz. For roll tilts, results are also reported for 0.05, 0.1, and 0.2 Hz. Because of device displacement limitations, not all subjects were able to complete testing at all frequencies. As will be shown, patients could only complete testing at the highest frequencies for some motion conditions. For normal subjects who typically completed testing at all frequencies, testing took 10 -12 h. For total loss patients who often could not complete tests at lower frequencies, testing took 6 -8 h. Testing for both normal subjects and patients was typically broken up into multiple test sessions of 30 -90 min each.
Like earlier studies (Hall, 1981) , we used a hybrid approach to estimate the parameters of the psychometric function. We combined an adaptive three-down/one-up staircase (Leek, 2001 ) that set the stimulus magnitude for each trial, with a maximum likelihood fit of the data. Direction of motion (e.g., left or right) was randomized. The maximum likelihood fit was performed using a generalized linear model (GLM) (McCullagh and Nelder, 1990; Dobson and Barnett, 2008; Zupan and Merfeld, 2008) . Specifically, a Gaussian cumulative distribution function was fit to the data using a GLM with a probit link function yielding a "maximum likelihood" model fit. The data included a peak angular velocity amplitude vector () and a binary motion direction response vector ( y). The function call in MATLAB was b ϭ glmfit(,y,'binomial','link','probit') using the statistics toolbox (version 7.0), where b is a two-element vector. The elements of b are related to an underlying Gaussian probability distribution (Dobson and Barnett, 2008) , having a "vestibular bias" (), which represents an offset from zero , ϭ Ϫb(1)/b(2), and a "one-sigma threshold" (), which represents the standard deviation of the noise, ϭ 1/b(2).
After each trial, the GLM fit was performed. Data collection for each subject was terminated when the coefficient of variation (CV) for the b(2) fit parameter-the one representative of the one-sigma threshold for that test condition-was Ͻ0.2; this means that the estimated standard deviation of the spread parameter was Ͻ20% the magnitude of the estimated spread parameter. On average, 70 -80 trials were required to yield the desired CV. Sometimes testing had to be terminated before this criterion was met. This occurred when the 3D/1U staircase algorithm required large motion stimuli that exceeded the capabilities of our motion device. Prematurely terminated test sessions were repeated if time allowed. Data from two or more such test sessions were combined for analysis. Due to the probabilistic nature of thresholds, it is impossible to translate device limitations to precise measureable threshold limits, but limits would be about 30°/s for rotation or tilt and 30 cm/s for translation.
As for earlier studies (Benson et al., 1986 (Benson et al., , 1989 Grabherr et al., 2008) , the geometric mean across subjects was calculated because the data demonstrated a lognormal distribution across subjects. Statistical analyses were performed using a Wilcoxon rank sum test for each of the four conditions. Figure 1 shows the peak stimulus velocity at threshold as a function of frequency for each normal subject as well as the geometric mean across subjects ( Table 2 ). Note that the ordinate and abscissa for each plot are logarithmic to accommodate the large frequency range and threshold variations. That the ordinate ( yaxis) is logarithmic is especially important to keep in mind, since graphical differences can sometimes be underestimated for logarithmic axes. All four datasets suggest a flat or low slope "plateau" region at higher frequencies. The yaw rotation (Fig.  1a) , z-translation (Fig. 1b) , and y-translation (Fig. 1d) thresholds demonstrate a substantial increase at lower frequencies, while the thresholds for roll tilt (Fig. 1c) demonstrate a substantial decrease at lower frequencies. Due to limited z-translation displacement, only 10 normal subjects were able to complete testing at 0.3 Hz and only 13 subjects at 0.5 Hz. For all other conditions, all 14 normal subjects were able to complete testing. Consistent with other datasets (Karmali et al., 2010) , the roll tilt angle at threshold approached a constant value at low frequencies (data not shown), presumably because of the static tilt cues present after the dynamic roll tilt motion.
Results
To allow a more straightforward comparison of these normative data to the patients, we normalize patient data by the geometric mean across the normal subjects at each frequency (Fig. 2,  Table 3 ). The patients' yaw rotation thresholds (Fig. 2a) and z-translation thresholds (Fig. 2b) are strikingly greater than normal ( p Ͻ 0.01 for each). In fact, these three patients could only complete the task at the two or three highest frequencies; for lower frequencies the motions required to assay patient thresholds were beyond device motion limits. The patient y-translation (Fig. 2d ) and roll tilt (Fig. 2c) thresholds show a less dramatic but still significant ( p Ͻ 0.01) increase compared to normal.
Discussion
One primary finding was that the patients suffering total bilateral vestibular loss had thresholds that were higher than normal. The average patient threshold was always at least 30% greater than the normal average for each frequency and for each motion condition. For each of the four motion conditions, the measured thresholds were significantly ( p Ͻ 0.01) higher in the total vestibular loss patients.
A second finding was that the relative performance of the patients was much worse for yaw rotation and z-translation than for y-translation and roll tilt. In fact, patient thresholds were so high for yaw rotation and z-translation that testing could not be completed below 1 Hz. In contrast, while deficits were evident, patients were able to complete testing across a broader range of frequencies for y-translation and roll tilt, and the disparity between normal subjects and patients was not as striking (Fig. 2) .
A third finding was that for normal subjects (Fig. 1) Furthermore, each of the three motion conditions that included only transient motion cues (yaw rotation, z-translation, and y-translation) showed substantial threshold increases at lower frequencies. Earlier papers (Grabherr et al., 2008; Haburcakova et al., 2012) have suggested (1) that the constant velocity plateau at higher frequencies implies that the brain performs the recognition task using a velocity (as opposed to position or acceleration) signal and (2) that the increases at lower frequencies result from high-pass filtering of that velocity signal as part of the decision-making process (e.g., Aston-Jones and Cohen, 2005a,b) . Depending upon motion direction, the high-pass cutoff frequency is on the order of 0.5-1 Hz, which corresponds to time constants on the order of 0.3-0.15 s. As noted in an earlier paper (Grabherr et al., 2008) , the 0.3 s time constant is substantially lower than the 6 s peripheral time constant of the semicircular canals (Fernandez and Goldberg, 1971) . We informally refer to this time constant reduction as velocity leakage, since it contrasts with the behavioral time constant increase associated with "velocity storage" (Raphan et al., 1979; Okada et al., 1999; Bertolini et al., 2011; Laurens and Angelaki, 2011; Karmali and Merfeld, 2012) .
Threshold variability
Both patients and normal subjects demonstrated substantial variations across individuals. The cause of these individual variations is unknown but is consistent with earlier studies showing that thresholds varied across subjects by about a factor of 10 for both rotation (Benson et al., 1989) and translation (Benson et al., 1986) .
Patient thresholds across motion types
Patient thresholds were closest to normal for roll tilt. An explanation is that the patients were able to use nonvestibular sensory cues (tactile, auditory, etc.) to a greater extent for roll tilt than for other paradigms. Following roll tilt, a static force counteracts gravity, which provides tactile cues that indicate tilt direction. In Thresholds are for 14 normal subjects except that a single asterisk (*) indicates 10 normal subjects and two asterisks (**) indicates 13 normal subjects.
addition, somatic graviception (Mittelstaedt, 1996) could contribute. It seems logical that a human could effectively use such direct static nonvestibular cues to help determine roll tilt direction. Similarly, for y-translation, the force acting on the body during linear acceleration indicates the direction of motion. But unlike the roll tilt condition, here only direct phasic (i.e., transient) cues are available. This static/dynamic difference may explain why the patients' thresholds were somewhat higher for y-translation (1.7ϫ to 4.5ϫ greater) than for roll tilt (1.3ϫ to 3.0ϫ greater).
For z-translation, cue substitution is not as straightforward. As for y-translation, the change in nonvestibular cues indicates the direction of motion. However, since the total force acting on the body is due to both gravity and linear acceleration, the motion cue must now either add to or subtract from gravity. In other words, to use the force cue during the z-translation task, the brain cannot simply determine the direction of the force, which in fact is always upward, but rather, must determine whether the force increases or decreases. This is more subtle than the direct force cues available during roll tilt and y-translation and seems likely to explain why patient deficits were more dramatic for z-translation (Fig. 2b) than y-translation (Fig. 2d) .
In comparison, other data show that normal human direction recognition thresholds do not depend on the direction of movement relative to gravity, which suggests that the vestibular nervous system normally compensates for gravity (MacNeilage et al., 2010) . Such compensation is consistent with the hypothesis that the central vestibular system includes an internal neural representation of gravity (Merfeld et al., 1993; Angelaki et al., 1999; Merfeld et al., 1999; Indovina et al., 2005) . More specifically, the published data (MacNeilage et al., 2010) showed that average (1) earth-vertical z-translation, (2) earth-horizontal z-translation, (3) earth-vertical y-translation, and (4) earth-horizontal y-translation thresholds were all within a factor of two. Our normal data (Fig. 1 , Table 2 ) are consistent with this pattern, but our patient data show a strikingly different pattern. Specifically, earth-vertical z-translation thresholds in patients were 8 -56.8 times greater than normal when vestibular cues were eliminated via bilateral ablation. Yet, the patients' earth-horizontal y-translation thresholds were on average just 1.7-4.5 times greater than normal. Together with our normative data ( Fig. 1 ) and the data presented by MacNeilage et al. (2010) , these patient deficits, especially the z-translation deficits, suggest that compensation for nonvestibular gravitational cues is much less effective than compensation for vestibular gravitational cues. However, our study cannot rule out that patients use nonvestibular cues during y-axis translation more effectively than during z-axis translation independent of the direction of gravity.
Similar to z-translation, the nonvestibular cues available during yaw rotation are both indirect and transient. For yaw rotation, a torque results from forces acting on the body. In order for the pressure/force signals to provide a cue regarding rotation direction, subjects would need to somehow sum the various torques-forces ϫ radius-acting on different body parts. This cue is less direct than the force cue available during roll tilt and y-translation, which probably explains the dramatic deficit observed in patient yaw rotation thresholds.
Patient selection
None of the earlier patient studies included the measurement of vestibular thresholds in more than one direction. The elevated translation thresholds we measured in patients mimicked those reported by Walsh (1961) but do not match the smaller patient threshold elevation reported by Gianna et al. (1996) . While other factors (e.g., motion directions, methodologies) may play a role, we think that the difference is most parsimoniously explained by noting that Gianna and colleagues did not suggest that their patients had total vestibular loss. This would also be consistent with smaller threshold elevations reported in other earlier studies (Jongkees and Groen, 1950; Mann, 1951; Roggeveen and Nijhoff, 1956; Montandon et al., 1969) that measured thresholds in patients having a wide variety of diagnoses. While the evidence of vestibular dysfunction in the various patients was unambiguous, there was no evidence that vestibular function was totally absent in these various patients.
To state with certainly that the thresholds measured in our patients were due to contributions of other sensory systems -and Data are normalized by the average of the normative data (defining the normal average to equal "one"). Asterisks (*) show two conditions that include only one patient; thresholds for other two patients could not be assayed for these two conditions because requisite motion exceeded device limits.
thereby clearly establish the stimulus levels at which other sensory systems begin to provide cues relevant to our directionrecognition task -we needed to ensure that our patients had no vestibular function. Hence, patient selection was a critical factor. We only included patients with bilateral labyrinthectomies (as opposed to just nerve sections) because it provided a more conservative assurance of total vestibular loss (Brackman, 1996; Eisenman et al., 2001) . It is also important to note that all patients were well compensated. Such well compensated patients probably have learned to maximize their use of all available sensory cues to make up for their vestibular deficits; normal subjects may not use nonvestibular cues to the same extent as these patients. Therefore, we interpret these patient data as likely establishing the maximum amount that nonvestibular cues can contribute to a direction-recognition task. While thresholds for total bilateral loss patients have not previously been reported, our y-translation findings appear consistent with one previous study (Gu et al., 2007) that measured heading direction thresholds -a form of translation thresholdin monkeys with total vestibular ablation and reported thresholds that were about 10 times greater than normal when measured 3 or more months postlesion. The Gaussian stimuli they used had a frequency component near our 1 Hz stimuli, where we observed average patient thresholds ranging between 3.33 and 7.23 times greater than normal.
Summary
Thresholds for patients with a complete absence of vestibular function were significantly greater than for normal subjects. This was true for all conditions but the measured patient deficit was especially prominent for yaw rotation and z-translation -motions that do not provide a direct nonvestibular cue to substitute for absent vestibular cues. These findings establish the dominant contribution of vestibular cues to self-motion direction recognition tasks in the dark.
